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SUMMARY 



An analysis of existing pressure-distribution data 
was nade to determine the variation of the tip loading 
■with wing plan form. A series of empirical tip correct ~ 
tions was derived that may he added to theoretical curves 
in certaiTL cases to ohtaia a closer approach to the ac- 
tual loading at the tip. 

The analysis Indicated that the ne6d for a tip cor- 
rection decreases as either the aspect ratio or the wing 
taper is increased. In general, it may "be said that, for 
wings of conventional aspect ratio, corrections to the 
theoretical span load curves are necessary only if the 
wing is tapered less than 2:1 and has a. blunt tip. If the 
tip. is well rounded in plan form, no correction appears 
necessary even for a wing with no taper. 



INTRODUCTION 



The recent trend toward the use of airfoil theory for 
determining the load distribution for structural design 
arose principally because it was found that the various 
combinations of wing taper and wing twist that were being 
used called for a rational system of specifying the load 
distribution. Although it was known that the lifting-line 
theory gave load distributions "that were, in general, in 
good agreement with those experimentally obtained, it did 
not indicate the presence of ~ a tip. effect that was known 
to exist for certain wing shapes. 

The results of flight tests, reported in reference 1, 
indicated that, contrary to theory, the distribution of 
the normal-force coefficient for a rectangular wing was 
practically independent of the tip plan form when no twist 
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was "built into the wing and also that the shape of the die- 
trihution curve varied with the wing lift. This result la 
also verified "by wind-tunnel tests of untwisted rectangu- 
lar wings as shown by figure 1. Figure 1(a) shows typical 
wind-txinnel di striTiution curves for a rectangular wing 
with a square tip; figure 1(1)) shows corresponding curves 
for a wing with a circular tip. The dotted curves show 
that the theoretical values of Cn at the tip increase 
rather rapidly as the rounding proceeds from the "blunt to 
tho more slender circular plan form. Also it can ho seen 
that the shape of the theoretical curves does not vary 
with wing Ojj as tho ratio of the ordinates of any two 
curves is equal to the ratio of tho wing Ojj values. 

As a result of the foregoing discrepancies, some 
doubt still accompanios the uso of the theory when applied 
to structural design. The present note is thoroforo in- 
tended to supply information concerning conditions ujidcr 
which a tip correction may be required and, whon one is 
required , to estimate its character and magnitude. The 
corrections and correction factors given heroin do not 
pretend to groat accuracy since, In some instances, tho 
exporimental data available did not permit the establish- 
ment of accurate quantitative values. Since the errors 
involved in tho present methods of structural analyst* of 
airplane' wings may easily bo of tho same order as tho cor- 
rections, however, the fact that some of the factors may 
not be of great accuracy is of minor importance. 



DEEIVATION OP a?IP COEHEOTIONS 
Load Distribution 



Since the values of at the tip are, f-t>r a given 

wing Ojj, lowest when there is no roxmding at the tip, it 
was decided to base the following empirical corrections on 
theoretical curves for, wings with straight tips. The first 
step was to determine the differences between the actual ex- 
perimental curves for rectangular wings, regardless of tip 
shape, and the computed theoretical curves for similar 
wings with a rectangular tip. These differences vrero plot- 
ted against span location for various values of wing Ojf 
and for each wing aspect ratio. By averaging these differ- 
ence curves, for a given aspect ratio and at a given wing 
Ojf, zoro lift Cjj, distribution curves were obtained. 
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Those curves were all .characterized "by small negative in- 
cremeats over the larger portion of the span except near 
the tip region where the increments "became large and posi- 
tive. When the small negative increments along the spaji 
were neglected, it was foxmd that the distance in from the 
tip at which a pronotmced tip effect atsp eared was roughly 
40 percent of the mean chord (0,4 S/'h) regardless of as- 
pect ratio. ^ This fact is illustrated hy figure 2, which 
shows distrilDution curves taken from reference 4 for as- 
pect ratios 3 and 5, It can he seen that the distance in 
which a tip effect appears tends to he constant and that 
the shape of the increment curves would he suhstantially 
the same. 

The empirical corrections found hy the foregoing pro- 
cedure are shown in figure 3(a) for the rectangular wing 
of aspect ratio 6. These increments are to "be added to 
the theoretical curves for rectangular wings with square 
tips, starting at a distance of. 0,4 S/h in from the tip. 

A compariaon of the increment curves for aspect ratio 
6 with those for other aspect ratios showed that, instead 
of having separate sets of curves, a factor might he used 
to convert the corrections of figure 3(a) to other aspect 
ratios. This factor, which is shown in figure 3(c), serves 
as a multiplier to the ordinates of figure 3(a). The va- 
riation of this factor was determined mainly from the da/Ea 
contained in references 1 and 4. 

The procedure used to determine the increments for 
tapered wings was the same as that used for rectangular 
wings. The experimental data on tapered wings were, how- 
ever, much more limited in scope, heing confined for all 
practical purposes to those given in references 5 and 6, 
inasmuch as data from other sources generally contained 
ujaknown amounts of twist near the tip portion of the wing. 
This unknown twist was caused hy rounding the tip portions 
of wings that were originally trapezoidal in form. Com- 
parisons for the series of wings teated in reference 5 in- 
dicated an agreement hetween theory ''dnd e'xperiment , within 
the experimental error, for the 2:1 and 5:1 tapered wings 
and, hence, it may he inferred that no correction would he 
necessary for taper ratios greater than 2:1. Similar com- 
parisons of the tapered wings of reference 6, however, in- 
dicated that there should he a small correction for. the 
2:1 taper. The final correction-factor curve for taper 
(fig. 3(o)) shows the variation decided upon as the hest 
average. Since the one test availahle for a taper greater 



4 



K.A.O.A. -Technical Uote No. 606 



than 2:1, i.e., the 5:1 taper of roferenco 5, showed lit- 
tle disagreement between experimental and theoretical diB- 
trihutions helow the stall, the correction factor for this 
taper was assumed to "be zero. 

In order for the final tip corrections to fit the ex- 
perimontal trends, i.e., for the- tip corrections to de- 
crease with increase in aspect ratio and to disappear as 
the taper increases, the correction factors for aspoct ra- 
tio and taper must ho multiplied together before being 
used to expand or contract the ordinatcs of tho curvos 
givon in f-iguro 3(a). 

Although the effect of sweepback may theoretically be 
considered as equivalent to a washin and sweepforward as a 
washout (reforonce 7), this trend could not bo definitely 
determined from tho experimental data available. ProsBuro- 
distribution results from reference 8 for irings with both 
10'° and 20° sweepback and sweepforward seem to sub stajitiat © 
the theoretical trend in the load variation for the portions 
inboard of the tip. In the tip region (0.4 S/b), how- 
ever, the experimental results are apparently opposite to 
the trend indicated by the theory. Ihis behavior may be 
due to the test procedure employed as the wing was simply 
rotated about a yaw axis in the reflection piano to give 
the desired amount of swoop. This procedure caused the 
pressure ribs to be at an angle of yaw with respect to the 
air stream and also caused the tips to become raked in an 
unconnon manner. Other tests (references 5 and 6), in 
which the wing axis (the line joining the quart or- chord 
points) was bent, indicated that the effect of ordinary 
amounts of sweep on the span loading may be negloctod. 
yFor tailless airplanes with large amounts of sweopback, 
tho corrections \70uld not apply. 



The , experimental tip effect, however, is not entirely 
confined to an increase in the tip loading but is accompa- 
nied by a considerable increase in the section moment co- 
efficients. In the present report tho increase in section 
moment was empirically determined by analyzing various sets 
of^data from references 1 to 6 and 8 to 10 for the value 
of Acja occurring in tho expression 



Moment Distribution 



c.p . 
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ffhero c.p, is section center of pressure 

a.c, average aorodynamic center for sections 
inboard of the. tip distance 

Cm , section moment coefficient at zero lift 
o 

C21 , section normal-force coefficient 

The. Taluos of ACjj obtained from the foregoing oq.uation 
were plotted against percentage of tip distance (0.4 S/h) 
with section Cn, as a parameter. The final averaged 

curves are given in figure 3(1} ) for a rectangular wing 
of aspect ratio 6. The correction factors for taper and 
aspect ratio (fig. 3(c)) previously found for the tip- 
load increments also apply for the moments* 

APPLICATION OF EMPIHIOAL OOaREOTIONS 



The "basic curves to which the Aoji corrections are 
added are the theoretical o-j, or c^* curves for the' 

particular aspect ratio and plan form used; the tips, how- 
ever, are considered to he straight. The theoretical 
curves may "be determined hy any of the various methods 
available, for example, hy those methods in which the lift 
is expressed as a Pourier series. If the actual winjg has 
linear taper other than the roimding at the tip, the un- 
corrected lift distribution at a Oj^ of 1,0 may be ob- 
tained from figures 4(£<.) , 5(a), and 6(a), which give the- 
oretical curves for ta-oered wings with straight tips. 
Figures 4(b), 5(b), and 6(b) give the zero lift distribu- 
tions for wings '.7ith a linear twist. 

The addition of the tip increments to the curve of 
C'j^ distribution changes the wing Oj,, or Ojj , to a 
slightly different value from that originally used and, 
conseq.uently , a small correction must be introduced. It 
is necessary that the final di stribu^roir'for a definite 
value of the wing Gj, satisfy the equation 

*In this note, wing 0^ and wing Oij. are considered to 
be eq.uivalent as are section c^ and section Cj,^. 
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Since the correction to the total Tring Oj^ is g-enerally 
very small, it may "be made as folloTrs; 

(1) Convert the resultant span c^^ curve, after the 
corrections are added, to a load curve and integrate graph- 
ically to find the total load. 

(2) Determine the ratio of the desired load (corre- 
sponding to the original or desired value of Oj,) to the 
load of step (1). 

(3) Multiply the ordinates of the load curve of step 
(1) "fay the ratio of^ step (2) and, if desired, convert haclc 
to a spetn c^ curve. 

For the linearly tapered wing with either a straight 
or a circular tip, the following shorter method, may Tje 
used. The Taasic theoretical span loading io obtained for 
an initial value of [Oj,] , which is differ-ent by the 
amount contributed by the tip increment, instead of for 
the final desired value of Oj^. This value of [Oji] is 
given by 

[Oj,] = Oj, - Pi Pg 

where Pi and Pa are factors that may be obtained from 
figure 7, The addition of the empirical tip correction 
will then bring the resultant Gj^ up to the desired value, 
within the limits of precision obtained in a graphical in- 
tegration. The curves of figure 7 may be interpolated fior 
other tip shapes if desired. 



COMPARISONS WITH EXPERIMENT 



Several comparisons between theoretical, experimental, 
and theoretical curves with the tip increments added are 
given in figure 8, These figures are largely self-explana- 
tory and indicate that the modified curves show a reasons- 
able agreement with the experimental curves over a wide 
range of coJiditions. 
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from the comparisons indicated in figures 8(c) and 
8(d) it may "be concluded that, ordinarily, it is immaterial 
whether or not the tip correction is included trith the the- 
oretical curves if the taper ratio is greater than ahout 
2:1» Oomparisons of the shape of the experimental and the- 
oretical curves for a straight wing with a circular 
tip (figs. 1 and 8(h)) also indicate that no positive gain 
in accuracy would he had hy using tip corrections when it 
is known that, in practice, the actual c;^ distrihution 
will he influenced hy extraneous factors ahout which there 
is little information. Similarly, for tapers hetween 1:1 
and 2:1, no correction would presumahly he req.'u-ired to the 
theoretical curves if the tips were well roujided. Thus, 
the only time that a tip-load correction would he necessary 
on a wing with little or no sweephack, if theoretical dis- 
trihution were used in design, is w"heh the wing has a small 
taper in a comhination with a hl\mt tip. 

Even though it may he unnecessary to apply a correc- 
tion to the load, it may he necessary to consider the ef- 
fect of an increase in section moments at the tip, partic- 
ularly if the design condition is at a fairly high wing 
Oj,, hecause in certain types of construction more load 
would he thrown on the rear spar at the tip. 

?Dhe comparisons made hetween the computed and ea^eti** 
mental curves, which include data other than those shown 
in figure 8, are summarized in figure 9, The curves for 
this figure were ohtained hy plotting the differences he- 
tween corrected theoretical and exp erimeni;al curves at all 
points along the span for various aspect ratios and wing 
tapor ratios. Positive differences indicate that the com- 
puted values are high and vice versa. It will ho noted 
that the differences as a whole aro approximately symmet- 
rically disposed ahout the zero axis and are indicative 
of the averaging that was necessary in deriving the incre- 
ments. It can ho seen that for monoplanes without twist 
the agroemcnt is good throughout tho span. Although the 
discrepancies are larger for the hiplane and the monoplane 
with 15° twist, it must he rememhered that thoy represent 
fairly extreme cases. 

"E7hen it is necessary to use a correction to the load- 
ing, the specific steps to he employed in applying the 
derived corrections could he as follows: 

(1) From the conditions of the prohlem determine 
the vring Oji or Oj, hased on a wing area assumed to 
carry through the fuselage. 
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(2) Determine "both the aspect ratio and taper ratio 
of the wing, considering the tip as straight, 

(3) Prom results given hy steps (1) and (2) deter- 
mine: factors I*! ajid and find [Oj,] = Oj, - I*! Fg 

(4) If the taper is linear, the theoretical oi dis- 

trihution may "be found from figures 4(a) to 6(a). Multiply 
section c-^^ values hy the value of [0^] from step (3) 
and add twist curves (figs. 4Cb) to 6(1))) reduced or in- 
creased in proportion to the actual twist. 

(5) Determine the tip oorx-ections from figures 3(a) 
and 3(h), a?he distance affected hy the tip is 40 percent 
of the mean chord. The tip increments are modified hy the- 
aspect-ratio and taper-ratio factors (fig. 3(c)). 

(6) Add the tip increments to the curves of step (4) 
and reduce to a load curve. 

For special cases where double taper or an odd twist 
occurs, the tip corrections may presumahly he applied as 
hef-ore to the theoretical curves, "but the factors 5i and 

are no longer applicahle and an integration will he 
required after adding the corrections to determine the new 
Cl value, The tip-moment increments (fig. 3(15)) are to 
he added to the hasic section-moment coefficients; first, 
however, a correction should he made to the increments for 
the effect- of aspect ratio and taper. 

Por wings with well-rounded tips, the appropriate . 

load distributions may he obtained directly from refeir- 
ences 11 and 12, as no tip corrections t^ the load are re«* 
quired. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , July 13, 1937. 
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